In the present study, samples of pond water, sediment and farmed species were collected at 12 fish and shrimp farms in Malaysia, Thailand and Vietnam to determine the biodiversity and environmental distribution of chloramphenicol-resistant (CmR) mesophilic heterotrophs in Southeast Asian aquaculture sites. Following isolation on Iso-Sensitest agar supplemented with 35 mg ml À1 Cm and dereplication using (GTG) 5 -PCR fingerprinting, 557 genotypically unique CmR strains were subjected to polyphasic identification. The 557 mesophilic heterotrophic CmR isolates represented 18 different genera largely dominated by the genera Escherichia (40.2%), Pseudomonas (11.7%), Acinetobacter (11.1%), Klebsiella (7.5%) and Bacillus (5.9%). A total of 439 CmR isolates were further assigned to 31 described species or species groups, mainly including organisms that have been associated with various human opportunistic infections such as Escherichia coli (n ¼ 219), Pseudomonas putida (n ¼ 47), Klebsiella pneumoniae (n ¼ 38) and Acinetobacter baumannii (n ¼ 23). Strains of Escherichia, and most notably, of E. coli, were the only common group of CmR heterotrophs irrespective of country, sample type or farm type. Together with other predominant but less widespread groups such as acinetobacters and pseudomonads, the results of this biodiversity study suggest that E. coli can be regarded as a potential indicator of Cm resistance in Southeast Asian aquaculture environments.
Introduction
Although the impact of antibiotic use in worldwide aquaculture upon the development of antibiotic resistance is difficult to quantify, it is generally accepted that the selection of resistant bacteria in areas with intensive aquaculture activities has contributed to the further globalization of the resistance problem [5] . Due to the decrease in therapeutic efficiency of inexpensive antibiotics such as oxytetracycline, many Asian aquaculture activities have gradually switched during the past decade to the use of other broad-spectrum antibiotics such as chloramphenicol (Cm) and the synthetically derived florfenicol. Although the use of this antibiotic in animal production has recently been banned in a number of Asian countries, Cm residues have been detected in SEA aquaculture products intended for the EU market [3, 4] . Aside from the residue problem, the selection and dissemination of Cm resistance within the aquaculture microflora may have even more significant long-term consequences [5] .
Current knowledge of the taxonomic diversity of Cm-resistant (CmR) bacteria associated with aquaculture environments is highly fragmented and largely confined to fish pathogens [24, 31] . However, opportunistic and non-pathogenic bacteria autochthonous to aquaculture environments or occurring as commensals in the farmed species are usually present in much higher densities and can thus equally represent important reservoirs of Cm resistance [2] . More specifically, mesophilic heterotrophic bacteria are an interesting group for monitoring in SEA regions where water temperature is constantly high (typically 25e30 C), which allows these organisms to adapt more rapidly to the human body temperature. To date, the few studies that have been performed in this field are usually small-scale (<50 strains), only focus on one specific bacterial group, are limited to sampling of one specific compartment (usually the aquatic phase) of the aquaculture environment and/or mainly rely on phenotypic identification methods. In addition, none of these studies has dereplicated the sets of isolates under investigation, which will likely lead to biased views on the diversity of CmR bacteria in SEA aquaculture.
In the framework of the EC-funded INCO research project ASIARESIST (http://www.medinfo.dist.unige.it/asiaresist/), a large-scale study was aimed at investigating the diversity and environmental distribution of CmR mesophilic heterotrophs from water, sediment and farmed species in fish and shrimp farms in Malaysia, Thailand and Vietnam. Relying on a polyphasic identification strategy, an inventory of the biodiversity of CmR heterotrophic microflora in SEA aquaculture environments was obtained.
Materials and methods

Site description and sample collection
In total, 12 aquaculture farms representing economically important species cultured in the three participating SEA laboratories were selected (Table 1) . At some farms, multiple ponds were sampled depending on availability and duration of the culture period, resulting in a total of 17 different sampling sites.
Per sampling occasion, three different sample types (i.e. water, sediment and intestinal contents of the cultured organism) were collected and processed according to a set of standard operating procedures that were adopted by all three SEA labs. At each site, three spots representing the influent point, the middle of the pond and the effluent point were located. Per sampling occasion, three samples per sample type were taken and pooled. At each site, sampling was performed on four occasions at minimal two or three weekly intervals depending on the culture period.
Water samples (approx. 50 ml) were collected in sterile bottles. Sediment was collected by sampling the upper 5e10 cm boundary layer between the sedimentewater interphase using an autoclavable three-piece PVC pipe [32] . Live cultured fish and cultured adult shrimps were collected using a cast-net or hook and line. For sampling of postlarvae or juvenile shrimps, 10 organisms were pooled and considered as one organism sample. All samples were refrigerated and processed within 3e5 h.
Sample processing and isolation of CmR heterotrophs
Tenfold dilution series of the pooled water and sediment samples were prepared in sterile saline containing 0.85% (freshwater sites) or 3% (brackish water sites) sodium chloride. For processing of fish or shrimp samples, the intestine was removed from the pyloric valve to the anus (fish) or from the hepatopancreas to the anus (shrimp), aseptically extruded into a sterile tube and suspended in sterile saline (0.85 or 3%) for pooling and subsequent preparation of dilution series.
Based on the modal shape of previously determined histograms representing Cm resistance frequencies, the breakpoint concentration to select for acquired Cm resistance was set at 35 mg ml À1 . For each dilution, 100 ml was spotted in triplicate onto Iso-Sensitest agar medium (ISA; CM 471, Oxoid, Basingstoke, UK) supplemented with 35 mg ml À1 Cm (selective supplement vials containing 50 mg Cm, SR0078, Oxoid). Primary isolation plates were incubated at 28 C for 24 h for isolation of mesophilic heterotrophs.
Following incubation, the mean CmR count was determined from triplicate counts for each sample type. From the dilution where one of the three plates contained between 20 and 200 colonies, four colonies were semi-randomly selected using a grid template and further subcultured on ISA þ35 mg ml
À1
Cm. If a particular sampling site did not generate confirmed and pure CmR colonies for all three sample types, additional colonies were selected from the other sample types to compensate. According to this strategy, a total of 144 isolates (4 colonies Â 3 sample types Â 4 sampling campaigns Â 3 sampling sites) were theoretically collected in each of SEA country. In practice, supplementary sampling campaigns were initiated in Vietnam and Thailand to account for the limited number of CmR-positive sampling sites in Malaysia available for this study.
Dereplication and polyphasic identification strategy
For dereplication, all CmR isolates were subjected to repetitive DNA element-PCR fingerprinting using the (GTG) 5 primer (i.e. (GTG) 5 -PCR) [10] . Potential replicates were defined as isolates from the same sample possessing visually indistinguishable (GTG) 5 -PCR profiles. One isolate per replicate group was retained for further identification.
Identification of dereplicated isolates was performed according to a polyphasic identification strategy. In a first step, all isolates were subjected to gas-liquid chromatographic analysis of cellular fatty acid methyl esters (FAMEs) [16] . Secondary techniques were performed for further in-depth identification of specific bacterial groups. Biochemical identification by API 20E and API 50E strips (bioMérieux, Marcy-l'étoile, France) for Monoculture Freshwater None NG, no growth on ISA þ35 mg ml À1 Cm at 28 C; Ot, oxytetracycline; Sd, sulfadiazine. a Number of isolates subjected to polyphasic identification following dereplication of original strain set. b Ranges of mean values from three replicate counts. c In most freshwater farms, water was not changed during the culture cycles and water loss from evaporation was compensated by rainfall or inlet from nearby streams or irrigation channels. Water in brackish water ponds was frequently changed to stabilize water quality and phytoplankton communities.
Enterobacteriaceae and by API 32 ID STAPH (bioMérieux) for staphylococci was performed according to the manufacturer's instructions. Isolates yielding inconclusive API identification results were selected for sequence analysis of the complete 16S rRNA gene [7, 34] . One-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of whole-cell proteins was used to identify isolates tentatively assigned to the genus Pseudomonas [27] . Species identification of isolates identified as members of the genus Bacillus relied on partial 16S rDNA sequencing analysis [18] . Potential members of the genus Aeromonas were subjected to FAME analysis following 48 h incubation [16] . Isolates that could not be allocated to a known genus by FAME were included for complete 16S rDNA sequencing analysis.
Statistical analysis
Counts on ISA þ35 mg ml À1 Cm were treated as independent samples of normally distributed populations with similar variances which allowed the use of one factor ANOVA [13] with fixed effects for statistical analysis.
The number of isolates identified at the genus level represented samples of populations nominally divided into categories. In order to analyze whether the profile of each genus category was significantly different from those of the other categories, the chi square test was used [13] assuming that samples were independent and categories were mutually exclusive. In these analyses, the null hypothesis was that the two considered variables were independent. This test was calculated three times to investigate if the genus distribution was independent from country of origin, sample type and farm type, respectively.
Results
Isolation of CmR mesophilic heterotrophs
Except at sites Banting and Ipoh in Malaysia and site Chachengsao in Thailand, CmR isolates were recovered from all three sample types (i.e. water, sediment and organism) at each of the 17 sampling sites considered for this study. An extremely broad range of heterotrophic counts on ISA þ35 mg ml À1 Cm was observed in these sites (Table 1) . Across the sampling countries, mean counts from organism samples (6.49 log 10 CFU g À1 ) were slightly higher than the corresponding counts from water (5.51 log 10 CFU ml À1 ) or sediment (6.17 log 10 CFU g À1 ) samples. At the country level, mean CmR counts were somewhat lower in Malaysia (2.79 log 10 CFU ml À1 in water, 3.12 log 10 CFU g À1 in sediment and 3.49 log 10 CFU g À1 in organisms) and Thailand (2.66 log 10 CFU ml À1 in water, 3.79 log 10 CFU g À1 in sediment and 5.91 log 10 CFU g À1 in organisms) than in Vietnam (5.84 log 10 CFU ml À1 in water, 6.71 log 10 CFU g À1 in sediment and 6.77 log 10 CFU g À1 in organisms). Despite the fact that some mean values appeared very different, none of these differences were statistically significant ( p > 0.1) due to the high level of intrinsic variability in the samples.
Dereplication and identification of CmR isolates
A total of 650 CmR bacterial isolates were collected from aquaculture sites in Malaysia (n ¼ 151), Thailand (n ¼ 272) and Vietnam (n ¼ 227). A total of 93 potential replicates were identified by (GTG) 5 -PCR which reduced the number of unique isolates to 557. The dereplicated strain set contained equal subsets from Thailand (n ¼ 214; 38%) and Vietnam (n ¼ 211; 38%) and also contained 132 isolates (24%) from Malaysia.
Except in four cases where 16S rDNA sequencing analysis was required, FAME analysis permitted assignment of all 557 CmR isolates to a given bacterial family or genus. By secondary identification techniques, each isolate was further identified to genus or species level ( Table 2) . At the genus level, the majority of the isolates were identified as members of Escherichia (40.2%), Pseudomonas (11.7%), Acinetobacter (11.1%), Klebsiella (7.5%) and Bacillus (5.9%). Genera that were represented by less than 5% and of which at least five isolates were recovered included Enterobacter, Citrobacter, Staphylococcus, Proteus, Aeromonas, Providencia and Comamonas. In total, 439 CmR isolates could be allocated in a described species. A considerable proportion of these isolates were identified as Escherichia coli (n ¼ 219), followed by other major species including Pseudomonas putida (n ¼ 47), Klebsiella pneumoniae (n ¼ 38) and Acinetobacter baumannii (n ¼ 23). Isolates that remained unspeciated mainly belonged to the Enterobacteriaceae (n ¼ 39) and the genus Acinetobacter (n ¼ 39).
Distribution of major CmR taxa per country, sample and farm type
Based on the isolation frequency across the 17 sampling sites or ponds, the most frequently isolated CmR taxa included Pseudomonas (from 14 sites), Acinetobacter (from 13 sites), Escherichia (from 12 sites), Bacillus (from 11 sites) and Klebsiella (from 10 sites) (Table 3) . At the country level, however, only Escherichia and Acinetobacter constituted >5% of the respective CmR subsets. Members of Escherichia and Acinetobacter were primarily found in the subsets of Vietnam (58.3%) and Malaysia (21.2%), respectively ( p < 0.005). Pseudomonads were predominant in the subsets from Malaysia (18.2%) and Thailand (16.3%) ( p < 0.005). However, only six CmR Pseudomonas isolates were identified in the subset from Vietnam, which may be a result of sampling bias. Strains of other major taxa such as Klebsiella, Bacillus and Enterobacter were less omnipresent and primarily originated from one of the three sampling countries, i.e. Vietnam, Thailand and Malaysia, respectively ( p < 0.005).
Of all the major taxa, only Escherichia and most notably E. coli was recovered from all sample types in numbers >5% (Table 3) , and were most commonly identified in the subset from organism samples (54.6%; p < 0.005). In contrast, CmR acinetobacters predominated the subsets sampled from water (14.4e17.8%) and sediment (14.6e17.2%), but were rarely isolated from fish or shrimp samples ( p < 0.005). The majority of the Pseudomonas and Bacillus isolates originated from sediment where these groups constituted 17.2% and 10.6% of the total subset ( p < 0.005).
Considering the taxonomic distribution per farm type, CmR strains of Escherichia (i.e. E. coli) were omnipresent The following families or genera were represented by less than six isolates and/or were isolated at only one sampling site: Alcaligenes (n ¼ 1), Edwardsiella (n ¼ 1, belonging to Edwardsiella tarda), Enterobacteriaceae (n ¼ 5, none of which could be unambiguously allocated to a known genus), Enterococcus (n ¼ 2, both belonging to E. faecalis), Kluyvera (n ¼ 1), Micrococcaceae (n ¼ 2, none of which could be unambiguously allocated to a known genus), Morganella (n ¼ 3, all belonging to Morganella morganii), Myroides (n ¼ 1, belonging to Myroides odoratus), Pantoea (n ¼ 2), Salmonella (n ¼ 3, including two isolates belonging to Salmonella arizonae), Schineria (n ¼ 1), Serratia (n ¼ 2, both belonging to Serratia rubidaea) and Sphingobacterium (n ¼ 5, all belonging to Sphingobacterium mizutaii).
both in monoculture and integrated systems (33.7e47.2%) followed by members of Pseudomonas (11.1e12.1%) and Acinetobacter (8.0e14.5%; Table 3 ). CmR isolates of Klebsiella (10.4%), Citrobacter (5.9%) and Proteus (5.2%) mainly originated from monoculture systems whereas Escherichia (47.2%), Acinetobacter (14.5%) and Enterobacter (7.8%) were more frequently isolated from integrated systems ( p < 0.005).
Discussion
Triggered by the lack of surveys documenting the prevalence of Cm resistance among non-target organisms autochthonous to the aquaculture environment, a biodiversity study was set up in three SEA countries where the aquaculture industry is highly established with intensive systems (Thailand and Vietnam), or in the stage of development mainly using semiintensive systems (Malaysia). Theoretically, the mesophilic heterotrophs represent an ideal study group based on their relative predominance in aquatic environments under the climatic conditions in the SEA region and because they can be readily isolated using relatively simple procedures. Mean CmR counts on ISA þ35 mg ml À1 Cm tended to fluctuate across countries and sample types, but none of these variations were considered statistically significant. Although it is extremely difficult to exclude the effect of historical use of antimicrobial agents or the possible use of commercial feeds enriched with such agents [14] , the majority of the farm managers interviewed during this study declared that no antimicrobial regime was conducted during the culture period. Moreover, in integrated systems poultry and swine farming may also contribute to the antibiotic residue problem through washing of fecal excretions into the ponds. It has been reported that bacteria from water-sediment samples of integrated farms displayed higher levels of resistance compared to bacteria from control fish farms [25] .
Based on the current guidelines of the British Society for Antimicrobial Chemotherapy [23] which also employs ISA as standard medium for susceptibility testing, facultatively aerobic organisms are considered resistant to Cm at MIC !16 mg ml À1 . In the present study, isolates were selected using an MIC !35 mg ml À1 to ensure that the population sampled represented the bacterial fraction with acquired (high-level) Cm resistance and to minimize the risk that isolates with intrinsic low-level resistance to Cm were included. On the other hand, this implies that data from our study may not necessarily be comparable with those of other studies in which MIC !16 mg ml À1 was used as the cut-off to define Cm resistance. Prior to actual identification work, dereplication by (GTG) 5 -PCR fingerprinting reduced the number of isolates by 14%. Inclusion of potential replicates in further data analyses may influence the general interpretation of the taxonomic diversity among CmR heterotrophs and would create an unnecessary workload during identification. FAME analysis revealed that CmR heterotrophs from SEA aquaculture environments mainly belonged to the Enterobacteriaceae (62.8%), the Pseudomonadaceae (11.7%), the Moraxellaceae (11.1%) and the Bacillaceae (5.9%). In a second round of identification using one or multiple group-specific methods, 79% of these isolates were assigned to at least 31 known species or species groups encompassing 18 different genera largely dominated by members of Escherichia, Pseudomonas, Acinetobacter, Klebsiella and Bacillus. Except for Citrobacter freundii (14 isolates) and Edwardsiella tarda (one isolate), none of the identified species have been recognized as primary aquaculture pathogens. On the contrary, the majority of the CmR isolates recovered in this study belonged to a range of species that have been implicated in various opportunistic human infections, i.e. E. coli, P. putida, K. pneumoniae and A. baumannii. This finding could indicate a potential health risk to staff of aquaculture farms or processing units if wound or respiratory infections arose from handling multidrugresistant members of these species [2] . Another major observation from the biodiversity survey was the dominance of E. coli which accounted for 39.3% of all CmR isolates. Traditionally, E. coli is considered as an indicator organism of fecal contamination of aquatic and food environments [9] . Aquaculture sites in SEA are connected to several potential inputs of enterobacteria such as animal manure in integrated systems, domestic sewage or agricultural run-offs during the monsoon season [20, 25, 26] . However, we have no indications of the extent any of these routes contributed to the remarkably high recovery of E. coli other than the fact that the relative distribution of CmR E. coli isolates in integrated systems (47.2%) was higher than in monoculture systems (33.7%; p < 0.005).
The finding that members of the genus Escherichia, and most notably E. coli, were the only common group of CmR heterotrophs irrespective of country, sample type or farm type suggests that these organisms could act as potential indicators of Cm resistance in SEA aquaculture environments. Recent studies have reported that most if not all E. coli isolated from seafood in India [22] and Brazil [33] and from domestic and wild animal fecal samples, human septage and surface water in the US [29] were susceptible to Cm, which indicates that Cm resistance of E. coli isolated from SEA aquaculture environments is an acquired trait. Ideally, indicators of antimicrobial resistance should be omnipresent in the environment, easy to monitor and have a genetic flexibility enabling them to acquire mobile resistance elements. In E. coli, resistance to Cm and/or florfenicol is most commonly conferred by mobile or mobilizable genes encoding Cm acetyltransferases of type A (catI and catII ) and type B (catB2 and catB3) or by genes associated with specific export of Cm and/or florfenicol such as cmlA5 and floR [31] . Next to E. coli, two other predominant taxa among the heterotrophic CmR strains were Acinetobacter spp. (13/17 sites) and Pseudomonas spp. (14/17 sites). In contrast to Klebsiella, Bacillus and Enterobacter, the prevalence of these two groups was not statistically linked to one of the three countries sampled, which indicates that they may be additional candidate indicators of Cm resistance in SEA aquaculture environments. Acinetobacters have been used as indicators of antibiotic resistance in sewers receiving hospital and pharmaceutical waste effluent [11] and in integrated fishfarms [25] . In the latter study, percentages of CmR Acinetobacter strains (9e54%) appeared to be much higher compared to CmR Enterococcus spp. (0e12%). Compared to fecal coliforms and enterococci, pseudomonads were shown to display a much higher frequency of Cm resistance in sewage and in groundwater below leaking sewers [8] . Molecular studies have revealed that specific types of cat genes frequently occurring in E. coli such as catI and cat type B-3 have also been detected in strains of Pseudomonas spp. and Acinetobacter spp. [31] , suggesting that these three taxonomically diverse groups may be able to exchange the same type of cat genes. In contrast to E. coli, however, Pseudomonas spp. and Acinetobacter spp. do not commonly reside in the animal intestinal tract, suggesting that their potential use as indicators would mainly focus on pond water and sediment.
Given their ubiquitous distribution in aquaculture environments, it was somewhat surprising that no vibrios were recovered during this study. Therefore, additional isolations on ISA without Cm were conducted at several sampling sites which occasionally yielded members of the genus Vibrio by FAME analysis (data not shown). This finding indicates that the isolation procedure as such did not seem to inhibit recovery of vibrios, and that a higher recovery of Vibrio spp. might have been obtained if other more specific growth media such as thiosulfate citrate bile salts sucrose (TCBS) agar were used. However, TCBS may be less suitable to use in combination with antibiotic supplementation for screening purposes due to its high percentage of salts. In general, vibrios appear to be susceptible or moderately resistant to Cm and/or florfenicol [12, 28, 35] , although clinical strains of Vibrio spp. showing multiple resistance to Cm and other agents have been described [1, 19] . It was also somewhat surprising to find only very low percentages of CmR Aeromonas (2%) and Enterococcus (<1%) strains in this study, given that both groups have been used as indicators to monitor antibiotic resistance in hospital and aquaculture environments [15, 17, 21, 26, 30] . On the other hand, these findings corroborate with the relatively low frequency of Cm resistance (7e8%) among intestinal aeromonads and enterococci from fish produced in integrated broiler-fish farms [26] .
A large number of CmR enterobacterial isolates remained unspeciated following FAME analysis, API 20E and 50E characterization and 16S rRNA gene sequencing (34 isolates) or could not be assigned to a given genus in the Enterobacteriaceae (5 isolates). Additional identification work is required to determine to what extent the lack of identification is due to the limited resolution of the methods used and to examine whether this unidentified subset comprises potentially new taxa. Likewise, the majority of the Acinetobacter isolates (63%) could not be reliably assigned to a known species by FAME analysis. The taxonomic diversity of Acinetobacter species residing in non-clinical habitats appears to be larger than that of species confined to hospital settings [6] , and an extension of the identification work is needed to verify what species other than A. baumannii are present among the CmR acinetobacters.
The results of this biodiversity study indicate that Cm resistance among mesophilic heterotrophs present in SEA aquaculture environments largely occurs in bacterial groups associated with human opportunistic infections. Independently of the three countries sampled, identification data pointed out that E. coli, acinetobacters and pseudomonads are candidate indicators to monitor Cm resistance in pond water, sediment and aquaculture species cultured in monoculture and integrated farming systems in the geographical region studied. Beyond the taxonomic work reported here, studies on the distribution and genetic localization of cat, cml and flo genes are required to expand our knowledge of the molecular ecology of Cm resistance in aquatic and food environments.
